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Abstract
For partially wetting fluids, previous investigations of dynamic film formation by dip experiments
have found that film thickness is independent of driving velocity. However, when flushing low
viscosity aqueous bridges down hydrophobic tubes at high velocities, we find that the thickness
of the deposited film strongly depends on driving conditions. We show that thickness is selected
through meniscus curvature, and evidence a breakdown of the standard lubrication theory of triple
line dynamics for low viscosity liquids at cm/s velocities, which we ascribe to inertial effects.
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When a solid substrate is immersed in a liquid bath, capillary forces distort the liquid/air
interface close to the solid and a static meniscus is established. The characteristic length
which emerges from the competition between capillary and hydrostatic pressures is the
capillary length lc = (γ/ρg)
1/2 where γ is liquid surface tension, ρ the density and g the
acceleration of gravity. For a wetting liquid, pulling the substrate out of the bath entrains
a film. As a result of the competition between capillary forces and viscous dissipation,
film thickness h varies as hLLD ∼ lcCa2/3 as predicted by Landau, Levich and Derjaguin
(LLD) [1, 2]. The control parameter is the capillary number Ca = ηv/γ which compares
viscous dissipation to capillary pressure gradients, where η is the liquid viscosity and v the
pull-out velocity. This law has been verified experimentally for capillary numbers Ca <
0.01 [3].
For partially wetting liquids, with non zero static contact angle, the dynamics is notice-
ably more complex. When the substrate is pulled out of the liquid bath, hydrodynamic
dissipation in the singular triple line region first gives rise to a dynamic contact angle [4–6]
which decreases with velocity while the triple line rises and the meniscus adopts a dynamic,
elongated shape. It is only above a critical velocity that wetting is observed: the dynamic
meniscus becomes unstable, forcing the formation of a liquid film entrained by viscous dis-
sipation. The critical capillary number Ca∗ depends on equilibrium contact angle and is
typically of the order of 10−3 to 10−2 [7–9]. The concept of an intrinsic maximum dewetting
velocity for the triple line has often been invoked to explain the transition from dynamic
meniscus to film [7, 10]. However, a more recent theoretical investigation of triple line dy-
namics based on lubrication theory has shown that beyond a critical velocity the dynamic
meniscus profile can no longer be matched to the static meniscus [11, 12], so that the critical
velocity depends not only on triple line dynamics, but also on macroscopic geometry. This
prediction has to date not been investigated experimentally.
Despite these complexities, film thickness selection for partially wetting liquids appears
surprisingly simple. Dewetting feeds the film at the top contact line, and the competition
between entrainment at velocity v and gravity driven drainage results in a steady state,
homogeneous film with thickness
h = lc
√
3Ca (1)
a result first predicted by Derjaguin [2]. However, not all thickness values are allowed:
Hocking [13] and Snoeijer [8] have shown that within the lubrication approximation, for any
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FIG. 1. a) schematics of liquid bridge and matching film; b) a series of 20 calibrated absorption
snapshots taken at time interval 0.2 s while the liquid bridge (dark) is flushed down the tube (light
grey) (Ca=1.9e-3). The liquid is a 20%wt glycerol solution in water. The medium grey level is
the liquid film; b) space-time plot showing film thickness (h=132 µm); insert: three successive
thickness profiles at 0.5 s time increment, shown in the bridge reference frame.
given triple line dynamics θ = θ(Cad) [4, 14–16], there is only one single value of triple line
velocity vd (or capillary number Cad) that can match the film to the triple line contact angle
θ. As a result, for a partially wetting fluid, when a film forms, there is only one possible
film thickness h, whatever the pull-out velocity v. This simple but somewhat non-intuitive
theoretical prediction has been confirmed numerically [17] and experimentally by dip-coating
silicone oils on fluorinated flat plates [18, 19].
Here, we investigate film thickness selection for dewetting liquids with much lower viscosi-
ties, namely aqueous solutions on hydrophobic surfaces. To easily exceed the cm/s threshold
for dynamic wetting, we drive aqueous bridges inside vertical polymeric tubes by application
of pressure (Fig. 1a). Snapshots of deposited films reveal uniform thicknesses, but in con-
trast to the very robust single thickness value obtained with silicone oils, we find a range of
thicknesses which are selected through driving conditions. These results shed light on how
macroscopic geometry impacts the destabilization of a dynamic meniscus and challenge the
standard lubrication theory of triple line dynamics, suggesting that for these low viscosity
liquids, inertial effects play a strong role.
Experiments were performed in vertical tubes 1.5 meter in length and 6.4 mm in inner
diameter. The tube material is plasticized polyvinylchloride (Tygon, Saint-Gobain). A 2 mL
bridge of liquid was introduced at the top of the tube. Pressurized nitrogen was allowed
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at the top so that the bridge, which was initially at rest, reached a stationary velocity
within a transient time negligible compared to the total measurement duration. Steady
state velocities ranged between 10−6 and 1 m.s−1 for overpressures of the order of tens of
Pa.
We used solutions of glycerol in water with mass fractions ranging from 0 to 75 wt%.
Viscosity increased from 0.94 to 30 mPa.s and surface tension decreased from 70.3 to 59
mN.m−1 with glycerol addition. For all liquids, the receding contact angles at low velocity
were found to be approximately 40◦. The capillary length was nearly constant, varying from
2.66 mm to 2.25 mm, close to the tube radius R=3.2 mm, while the characteristic velocities
of the liquids, defined as vl = γ/η, ranged between 2 and 75 m.s
−1.
Quantitative absorption imaging provided snapshots of film thickness profiles over a 40
cm field of view along the tube. To that end, 4.9 10−4 mol.L−1 New Coccine, a red dye, was
added to the liquids. This dye was selected so that viscosity, surface tension, and interfacial
tension were not affected, and no adsorption nor absorption of the dye was detected after
prolonged contact with the tubes. A white LED screen provided backlight illumination and
green-filtered images (10 nm bandwidth, 508 nm central wavelength for maximum absorp-
tion) were collected with a camera. Absorbance was calibrated against precision rectangular
cells with 10 to 800 µm thickness. Images were captured at frame rates between 5 and 1000
fps. Intensity from the vertical middle section was converted into film thickness h by the
Beer-Lambert law h = −1/(2c) ln (I/I0) where I is the transmitted light intensity, I0 is the
intensity transmitted through a non absorbing water film,  = 44945 ± 40 L.mol−1cm−1 is
the measured extinction coefficient and c is the dye concentration. This method provided
instantaneous images of film thickness with a 5 µm accuracy.
For Ca > Ca∗ ∼ 3 10−4, for all liquids tested, forced wetting is observed and a film
forms almost instantaneously (Fig. 1b). Space-time plots of film thickness are built from
the centerline of each image in a series (Figure 1c). The dark area corresponds to the liquid
bridge, the orange area marks the presence of the liquid film and the white area is the bare
tube. In addition, the rear meniscus velocity v and the contact line velocity vd could be
measured precisely (Fig. 1c). Three thickness profiles at different times are also plotted
in Fig. 1c (inset). Our setup provides improved data quality over other tube experiments
reported in the literature, where homogeneous and constant film thicknesses are assumed
and evaluated as averages based on mass conservation [20, 21].
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FIG. 2. a) dewetting velocity Cad as a function of bridge velocity Ca showing a nearly proportional
regime in the range Ca∗ to Ca∗∗, followed by saturation; b) normalized film thickness as a function
of dewetting velocity and the prediction of Eq. 1 (solid line); c) film thickness profiles for different
Ca between 9.6 10−4 and 2.3 10−3 plotted in the reference frame of the triple line (20%wt glycerol
solution) - note the dimple at the junction between film and bridge, and the rim near the triple
line.
We observe that film profiles exhibit a uniform thickness, which stays constant over
time (Fig. 1b, c). Important additional features are a rim at the top and a dimple at the
junction with the meniscus (Fig. 1a, c - insert). Dewetting velocity vd at the triple line is
slightly smaller than meniscus velocity v so that the film slowly grows in length, at constant
thickness. These results clearly show that the processes at both ends of the film are steady
state but with slightly different velocities v and vd (Fig. 1a), as anticipated by Hocking [13]
who predicted a capillary number at the triple line Cad slightly smaller than the capillary
number of the meniscus Ca. Figure 2a indeed shows that in our experiments, Ca and
Cad are related by a slightly sublinear relation until a second threshold denoted Ca
∗∗ is
reached. The measured film thickness h, normalized by capillary length lc, is plotted as a
function of Cad in Fig. 2b, as well as the Derjaguin relation Eq. 1 with Cad as the capillary
number. The agreement is very good, with no adjustable parameter. This result suggests
that film thickness is indeed controlled by the dewetting velocity, and not by matching film
and meniscus curvature as in the LLD regime. However, the wide range of thicknesses found
in our experiments obviously contrasts with the unique value which has been predicted
theoretically and observed experimentally in other systems [13, 18].
In fact, it is well known that in the presence of a downward flux, matching flat film
and meniscus imposes no constraints on the film. As shown by Wilson and Jones [22],
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the film matches to the meniscus through two oscillatory solutions with one phase-like free
parameter. Different bridge velocities can be accommodated by the same film thickness
since the flux between film and bridge adapts. Here the downward flux originates from
dewetting at the triple line, and the oscillatory nature of the solutions is directly reflected in
the dimple we observe at the junction between film and meniscus (Fig. 2 c). We can further
demonstrate this decoupling through more elaborate film experiments. After dynamic film
formation at a given Ca > Ca∗ (Fig. 3, zone A), we swiftly decrease pressure. The bridge
slows down precipitously (zone B) and finds a new steady state velocity (zone C). We observe
no concomitant variation of film thickness h or dewetting velocity vd until the film, which
is now faster than the bridge, has shrunk to a new equilibrium. Such transients clearly
demonstrate the capacity of the film-bridge junction to accommodate a set film thickness at
different bridge velocities, so that vd is independent of v.
When the difference between the two velocities is too large, however, the downward
flux becomes too small for the oscillatory solutions to exist: the upper velocity threshold
Ca∗∗ is reached, above which two films coexist, as already shown both theoretically and
experimentally [8, 13]. This coexistence will not be further explored here: instead, we will
focus on film thickness selection in the single film regime Ca∗ < Ca < Ca∗∗, for which,
due to the dewetting flux: a) film thickness is not set by bridge velocity, in contrast to
the LLD regime, but by triple line velocity (Eq. 1); b) the triple line velocity of the film is
independent from bridge velocity. Therefore, it is clear that: 1) the velocity of the triple line
upon meniscus destabilization becomes the final triple line velocity of the film vd, irrespective
of any further acceleration of the bridge; 2) the different film thicknesses observed here
reveal that the forced wetting transition occurs at different velocities, depending on driving
conditions.
Such a behavior is neither expected nor seen in plate experiments. However, with tubes,
application of pressure will affect meniscus curvature, with an impact on destabilization
which we now evaluate. Following standard methods [11, 23], we calculate steady state solu-
tions for a dynamic meniscus in the presence of gravity within the lubrication approximation,
using
[
h3
3η
(γ∂zκ+ ρg)− vh
]
= cte (2)
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FIG. 3. Space-time plot of film thickness profile in a sudden deceleration experiment. From steady
state, pressure is abruptly reduced to near threshold value: the bridge slows down precipitously
(from Ca = 2.6 10−3 to 3.8 10−4) but the film thickness and dewetting velocity remain unaffected
until the film almost disappears. This experiment directly demonstrates that once formed, the film
is effectively decoupled from the bridge. The liquid is pure water.
where in the tube, surface curvature is given by
κ = − ∂
2
zzh
(1 + (∂zh)2)
3/2
+
1
(R− h)√1 + (∂zh)2 (3)
and applied pressure ∆P sets curvature on the symmetry axis. The triple line singularity is
removed by provision of a small slip length equal to 1 10−6. Computations were performed
for different velocities, pressures ∆P (normalized by γ/lc) and Bond numbers Bo = (R/lc)
2.
The position of the liquid surface h(z) is plotted in Fig. 4a for Ca = 10−3 and Bo = 1.
At low pressures, the profile is typical for a dynamic meniscus (dotted line). Increasing
pressure, we find a narrow range with rim-like morphologies (dashed lines) characteristic
of near threshold solutions [24]. Finally, a well defined critical pressure ∆Pc is reached at
which the triple line disappears and a film forms (plain line).
We have computed pressure thresholds ∆Pc and film thickness profiles h(z) for different
velocities at Bo = 1 (Fig. 4b). Film thickness increases with velocity, and the oscillatory
nature of the solution becomes more apparent. Critical pressures ∆Pc and film thicknesses h
in the flat region are plotted as a function of velocity (Fig. 4c) for Bo = 1, 4 and 9, along with
Eq. 1. Calculated thicknesses obey the Derjaguin relation with no adjustable parameter: this
is no surprise since by definition of the triple line, the film forms at zero flux. Remarkably,
for a given radius R, critical velocity increases with meniscus curvature. In our experiments,
larger bridge velocity is obtained by larger pressure, which also increases meniscus curvature,
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a) b) c)
FIG. 4. a) dynamic meniscus solutions (steady state) for Ca=1 10−3 for different applied pressures.
At the critical pressure ∆Pc=1.791851... the film forms; b) film solutions at critical pressure for
different bridge velocities - the dash-dotted line is the tube axis; c) critical pressures and critical
film thicknesses for different bridge velocities and tube radii. Eq. 1 is also shown. The dynamic
wetting transition occurs at higher velocity when meniscus curvature increases.
resulting in a larger critical velocity for destabilization. As a result, the steady state velocity
of the film triple line increases and so does film thickness. Interestingly, we find that the
operative range of pressures (Fig. 4c - right axis) decreases as tube radius (or Bond number)
increases, so that for a flat plate, pressure is ineffective. These calculations rationalize our
experimental observations and point to pressure dependence of meniscus curvature as the
physical parameter for selection of meniscus destabilization velocity, and thus triple line
velocity and film thickness. Our results substantiate previous theoretical predictions which
emphasize the role of macroscopic geometry on the dynamic wetting transition [11, 12].
Finally, as already mentioned, standard theories of triple line dynamics predict one single
possible film thickness for a dewetting film with gravity, and this prediction, based on the
lubrication approximation, has been experimentally validated for viscous silicone oils. In
contrast, a wide range of velocities is spanned by the triple line in our experiments. Moreover,
the film profile close to the triple line exhibits a rim at all capillary numbers (Fig. 2c), in
contrast to silicone oil experiments in which film profiles reveal no inflection [18]. This
rim is simply convected with the triple line and does not grow in size over time (Fig. 1c
inset), unlike horizontal dewetting films [25] which feed the rim with liquid. We also find no
significant variation of the rim height for different Cad, within our experimental accuracy
(Fig. 2c). Present liquids differ from usual silicone oils in their low viscosities. With much
larger critical velocities, reaching a few cm/s, inertial effects are likely to play a role: a
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minimum estimate for Reynolds number is Re = ρV h/η = 103 × 10−2 × 10−4/10−3 ' 1
where the characteristic length has been taken as the typical film thickness. Although
the lubrication approximation may remain valid for relatively large Reynolds numbers, the
reason for such a wide domain of validity is often that velocity is normal to velocity gradient.
This orthogonality is unlikely to apply in the case of the more or less wedge like geometry
of a triple line with a contact angle of the order of 40◦. The rim is expected to generate
an overpressure to counterbalance the inertial contribution related to the acceleration of
the fluid near the contact line. It provides the additional adjustment parameter needed to
overcome the unicity constraint put on triple line velocity and film thickness by the standard
theory, allowing for velocity and thickness selection through meniscus curvature. Indeed, in
analogy with the matching between meniscus and film through the dimple, we suggest that
the matching between film and triple line through the rim is soft enough for the contact line
to adjust to film velocity. The precise shape of this matching is indeed determined when the
film appears i.e. when the meniscus destabilizes, and is kept afterwards.
This additional complexity at the triple line for low viscosity liquids may help rationalize
previous observations where dynamic dewetting of aqueous liquids are found at variance
with predictions of the lubrication approximation in droplet-like geometries [26, 27]. More
generally, for many liquids, our understanding of triple line dynamics is still incomplete [28]
which also points to deviations from the lubrication predictions as demonstrated here, and
the likely impact of inertial effects.
In conclusion, we have investigated the dynamic wetting transition for partially wetting
fluids with low viscosity, with an in depth characterization of film profiles. In place of a
single thickness value set by the triple line dynamics, we find a range of film thicknesses
which demonstrates that in tubes, the forced wetting transition is affected by meniscus cur-
vature and can be controlled by applied pressure. This observation provides an experimental
demonstration of the crucial role of macroscopic geometry on the stability of the dynamic
triple line, as advocated by Eggers [12]. This range of thicknesses, as well as the steady
state rim found near the film end, also challenges the predictions of the lubrication theory.
These results suggest that for low viscosity liquids, inertial effects play a role in triple line
dynamics already in the cm/s velocity range, and that the geometry of the rim provides the
additional variable necessary to accommodate the velocity dependence.
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